Abstract The cross-correlation between the high-redshift 21 cm background and the Soft X-ray Background (SXB) of the Universe may provide us an additional probe of the Epoch of Reionization (EoR). Here we use semi-numerical simulations to create the 21 cm and soft X-ray intensity maps and construct their cross power spectra. Our results indicate that the cross power spectra are sensitive to the thermal and ionizing states of the intergalactic medium (IGM). The 21 cm background correlates positively to the SXB on large scales during the early stages of the reionization. While as the reionization develops, these two backgrounds turn out to be anti-correlated with each other when more than ∼ 15% of the IGM is ionized in a warm reionization scenario. The anti-correlated power reaches its maximum when the neutral fraction declines to 0.2-0.5. Hence the trough of the cross power spectrum might be a useful tool for tracing the growth of the HII regions during the middle and late stages of the reionization. We estimate the detectability of the cross power spectrum based on the abilities of the Square Kilometer Array and the Wide Field X-ray Telescope (WFXT), and find that to detect the cross power spectrum, the pixel noise of X-ray images has to be at least 4 orders of magnitude lower than that of the WFXT deep survey.
INTRODUCTION
Revealing the nature of the first luminous objects and their complex connection to the intergalactic medium is a major goal for our understanding of the early Universe. When the first luminous objects emerged, the UV and X-ray photons produced by these objects started to ionize their surrounding cosmic gas. Meanwhile, the energetic X-ray electrons kept heating the cosmic gas efficiently. With the formation of more and more such objects, the Universe eventually turned from cold and neutral to warm and ionized. The period during which the Universe underwent this transition is referred to as the epoch of reionization (see Furlanetto et al. 2006; Zaroubi 2013 for reviews) . Observations of the absorption spectra of high-redshift quasars support that the Universe is highly ionized out to redshift z ∼ 6 (Fan et al. 2006; Bolton et al. 2011; McGreer et al. 2015) . Cosmic Microwave Background (CMB) observations suggest that the reionizaion occurerd at z ≈ 8.8 ∼ 10.1 when an instantaneous reionization assumption is adopted (Komatsu et al. 2011; Planck Collaboration et al. 2015) , which indicates that the EoR started at higher redshifts. Nevertheless, the details of cosmic reionization are still unclear.
The redshifted 21 cm line, which is a result of the hyperfine transition in hydrogen atoms, is one of the most promising probes of the EoR. Fluctuations in the cosmic 21 cm signals are determined by the characteristics of the coeval IGM such as density, temperature and ionized fraction (e.g. Furlanetto et al. 2006; Pritchard & Loeb 2012) . Therefore, the cosmic 21 cm background contains information of the states and distributions of the IGM. Combining with its redshift information, we can study the evolution of the IGM over time, and constrain the nature of the heating/ionizing sources as well as the structure formation processes in the early Universe. With low frequency radio interferometers such as the 21 CentiMeter Array (21CMA), the Murchison Widefield Array (MWA), the Low Frequency Array (LOFAR), the Precision Array to Probe Epoch of Reionization (PAPER), the Giant Meterwave Radio Telescope (GMRT) and the next generation instrument -the Square Kilometer Array (SKA), we may expect to measure the fluctuations in the redshifted 21 cm signal during the EoR in the near future. Recent observations with some of these interferometers have updated several constraints on the EoR (e.g. Paciga et al. 2013; Dillon et al. 2014; Parsons et al. 2014; Ali et al. 2015; Pober et al. 2015) .
In addition to the 21 cm line, the soft X-ray background can also constrain the EoR. The cosmic Xray background was first discovered in 1960s. Current high sensitivity X-ray telescope such as Chandra and XMM-Newton have resolved 90% of the soft X-ray background into point and extended sources to z 7 (Moretti et al. 2003; Xue et al. 2011; Lehmer et al. 2012; Cappelluti et al. 2012) . The residual fraction is expected to be mostly due to the faint extragalactic sources (AGNs and normal galaxies), which are near or below the detection limits (Bauer et al. 2004; Lehmer et al. 2012) . Since the Universe and the Milky Way are transparent to 1 keV X-ray photons (Wilms et al. 2000; Behar et al. 2011; Starling et al. 2013) , hard X-ray photons with energies [1 − 2](1 + z) keV emitted by black holes or hot IGM in the early Universe (Cappelluti et al. 2012; Pacucci et al. 2014 ) could be observed today in the soft X-ray band. However, most z 6 sources are too faint to be resolved by current instruments, so that they contribute to the unresolved fraction of the present-day SXB detected by current X-ray telescopes (e.g. Salvaterra et al. 2007; McQuinn 2012; Pritchard & Loeb 2012) . Mesinger et al. (2013) and Christian & Loeb (2013) have shown that the intensity of the EoR X-ray background could dramatically impact on the 21 cm signals and the reionization history. We may use the unresolved SXB to limit the Xray contributions to the reionization. Recent studies (e.g. Mortlock et al. 2011; Basu-Zych et al. 2012; Venemans et al. 2013) indicate that the high-redshift components of the unresolved SXB might exist. But unfortunately, the SXB is indeed a combination of radiations from various X-ray sources at different redshifts. It is hard to obtain redshift information by the SXB itself. Currently we still do not have enough evidence of the existence of these components, and the unresolved SXB alone can only provide a few constraints on the X-ray sources at high redshifts (e.g. Dijkstra et al. 2004; McQuinn 2012) .
Combining soft X-ray and low frequency radio observations might be a promising method for EoR measurement. Fluctuations in the 21 cm and X-ray backgrounds are both tracing the same underlying density field, hence the 21-SXB cross-correlation is expected to exist. Since 21 cm and Xray backgrounds contain information of the neutral gas and the luminous sources respectively, their cross-correlation may provide a better tracer of the interplay between the first luminous objects and the surrounding IGM than the 21 cm or SXB auto-correlation itself does. Moreover, only the SXB components from the same redshift of the 21 cm signal will strongly correlate with the corresponding 21 cm backgrounds. We can use the 21-SXB cross-correlation signals to test the assumption that the observed unresolved SXB contains photons from the EoR. Meanwhile, cross-correlation is relatively insensitive to systematic effects and foreground contaminations compared to auto-correlation (Slosar et al. 2007 ). These properties make the 21-SXB cross power spectrum a useful tool for the EoR measurements.
In this paper, we use a modified version of the semi-numerical simulations, the 21CMFAST, to investigate the evolution of the 21-SXB cross angular power spectra during the EoR. The 21-SXB cross power spectra have been studied by Shan & Qin (2009) . Combining LOFAR and ROSAT in an analytic model, they found that although the cosmic 21 cm signals could be detected, the 21-SXB power spectra are still limited by the noise of the ROSAT surveys. Some recent ambitious proposals of new X-ray telescope with wide survey field such as WFXT (Murray et al. 2013 ) and SMART-X (Vikhlinin & SMARTX Collaboration 2013), stimulated us to examine their performances in the 21-SXB cross power spectrum measurements. With higher sensitivities, these X-ray telescopes are capable of achieving deeper wide field surveys than ROSAT, which may be promising for the detection of the cross-correlation signals. Throughout the paper, we adopt the cosmological parameters as in Komatsu et al. (2011) where Ω Λ = 0.73, Ω M = 0.27, Ω b = 0.046, n = 0.96, σ 8 = 0.82, H 0 = 70 km s −1 Mpc −1 .
METHODS

The 21CMFAST simulation
We use a modified version of the 21CMFAST code to simulate the 21 cm and X-ray signals from the EoR. For more details of the original version of this simulation, see Mesinger & Furlanetto (2007) , Mesinger et al. (2011) and Zahn et al. (2011) . The differential brightness temperature of the 21 cm line at a observed frequency ν is (e.g. Furlanetto et al. 2006; Mesinger et al. 2011) :
where T γ is the CMB temperature, δ(x, z) is the overdensity at coordinates (x, z) within the simulation volume, H is the Hubble parameter, dv r /dr is the comoving velocity gradient in the line of sight, and h is the Hubble constant in units of 100 km s −1 Mpc −1 . To obtain δT b maps, the perturbation theory and excursion-set formalism are adopted to generate density, velocity, source, ionization and spin temperature fields . A cell at (x, z) is identified to be fully ionized if the criterion
is satisfied. Here ζ UV is the ionizing efficiency parameter, x e is the ionized fraction by X-rays, and f coll is the collapsed fraction describing the fraction of mass collapsed into dark matter halos with mass greater than a threshold corresponding to a mass variance, S min . The mean free path of UV photons is chosen to be 40 Mpc. The collapsed fraction is given by (Barkana & Loeb 2008; Mesinger et al. 2011) :
where f ST /f PS is a normalization factor keeping the mean collapsed fraction to match the result of the Sheth-Tormen model (Sheth & Tormen 2002 ), δ c is the critical overdensity, δ R (x, z) and S R are respectively the averaged overdensity and the relevant mass variance on a smoothed radius R.
The X-ray heating and ionizing efficiencies at (x, z) depend on the intensity of the coeval X-ray background. Although we do not know the details of the X-ray sources in the early Universe, we can generally assume that the X-ray luminosity is proportional to the star formation rate (SFR, e.g. Pritchard & Loeb 2012) . Thus the comoving specific X-ray emissivity of a shell surrounding the cell can be expressed as:
where h p is the Planck constant, ν e is the emission frequency, ν 0 is the frequency threshold beyond which the photons can penetrate into the IGM, N X is the number of X-ray photons per stellar baryon, µm p is the mean baryon mass, f * = 0.1 represents the fraction of baryons converted into stars, ρ crit,0 is the critical density of the present-day universe, α is the spectral index, and the product in the brackets is the comoving star formation rate density . Finally the angle-averaged specific intensity can be computed by accumulating the X-ray photons arrived at (x, z): • (upper panel) and the corresponding soft X-ray angular power spectra (lower panel). The X-ray maps are generated by cumulating the X-ray radiations from the sources at 5.80 ≤ z ≤ 19.75. The left, middle and right columns are the results for fiducial, cold, and extreme models, respectively.
The X-ray production efficiency is commonly parameterized by a factor, f X . Here we define f X ≡ N X /0.12. One can adjust f X and α to mimic the X-ray backgrounds resulted from different numbers and populations of the X-ray sources. Now we follow previous work (e.g. Mesinger et al. 2011 Mesinger et al. , 2013 ) and take α = 1.5. These parameters result in an X-ray luminosity, L X , to be consistent with the extrapolation from the measurements of the nearby starburst galaxy L X −SFR relationship (Mineo et al. 2012; Mesinger et al. 2013 Mesinger et al. , 2014 .
The Soft X-ray Backgrounds
Most X-ray sources like starburst galaxies and mini-quasars at z > 6 are however too faint to be resolved by current X-ray telescopes. These sources would produce hard X-ray photons that contribute to the present-day unresolved SXB observed by Chandra or XMM-Newton (Salvaterra et al. 2007; Pritchard & Loeb 2012; Cappelluti et al. 2012) . We modify the X-ray background model in the 21CMFAST to generate the EoR component of the present-day SXB. First we rewrite Equation (4) as:
This is the comoving specific X-ray emissivity of a cell at (x, z), where f ′ coll is the global collapsed fraction at z. Then the SXB can be expressed as:
where ν 1 and ν 2 respectively correspond to the lower and upper frequency limits of the observed band. Both the IGM and the int erstellar medium (ISM) in the Milky Way along the line of sight can lead to X-ray absorptions. We use the results from Behar et al. (2011) a Galactic column density of 10 21 cm −2 . The X-ray transmission at the observed energy E = 1 keV for the EoR sources is deduced to be 0.9 for both IGM and local ISM. Hence the total transmission is 0.8 at 1 keV. The transmission will increase with E. But at E < 1 keV, extinction becomes serious. Moreover, diffuse Galactic and local emissions dominate the SXB below 1 keV, while the extragalactic sources account for a great fraction of the unresolve 1-2 keV SXB measured by Hickox & Markevitch (2006) (see Markevitch et al. 2003; Hickox & Markevitch 2007) . Therefore, we adopt the 1-2 keV band for our SXB maps, instead of the 0.5-2 keV band. The integral of redshift is realized by calculating the X-ray intensity for each cell and projecting all X-ray intensity slices of the simulation boxes between redshift z min = 5.80 and z max = 19.75 onto the sky plane. This redshift interval is wide enough to include the main part of the EoR. Here the flat-sky approximation is used for the projection.
We examine three different X-ray models, corresponding to f X = 1 (fiducial model), 0.2 (cold model) and 100 (extreme model), respectively. The upper panel of Figure 1 shows the 1-2 keV soft X-ray maps for different models. These maps only contain the X-ray radiations from the EoR and we ignore the sources/absorbers at z < 5.8 as well as the Galactic components. In addition, all these maps correspond to the same part of the sky. The intensity of the X-ray background is roughly proportional to f X . Thus the X-ray map in the extreme model is much brighter than that in the other two models. The average intensity of the X-ray map,Ī ′ , is 3.69 × 10 −15 erg s −1 cm −2 deg −2 in the fiducial model, accounting to about 1% of the 1-2 keV unresolved SXB as estimated by Hickox & Markevitch (2007) and is under the upper limit of the very high z components given by Cappelluti et al. (2012) . Although Pober et al. (2015) has ruled out the extreme cold reionization scenarios, our cold model still satisfies their constraints.
The evolutions of the global neutral fraction (x HI ) and the average differential brightness temperature (δT b ) are respectively shown in Figure 2 and Figure 3 . In the extreme model, X-rays have a notable contribution to the global neutral fraction, and the efficient X-ray heating causes T s ≫ T γ when the Universe was almost neutral. In the cold model, the ionization history is similar to the fiducial model (mostly driven by the UV photons). But the weak X-ray background dramatically delays the heating process, leading to the turnover of the 21 cm emissions (δT b > 0 mK) to occur much later (x HI ≈ 0.6). • × 4.6
• 21 cm differential brightness temperature maps of the fiducial (left column), the cold (middle column), and the extreme (right column) models at z mid = 9.2 (upper panel) and 12.3 (lower panel), respectively. The bandwidth of these maps is 6 MHz.
The δT b maps
Each observed frequency of the 21 cm signals corresponds to a separate redshift. Therefore we are able to use the redshifted 21 cm backgrounds (i.e the δT b maps) at certain frequencies, which have narrow bandwidth (a slice), to correlate with the X-ray backgrounds. However, when we use a δT b map to correlate with the SXB, the X-ray components at other redshifts will bring random confusing signals. Because low-redshift components dominate the X-ray backgrounds, their confusing signals may be significant for the higher redshift cross-correlations. If the bandwidths of 21 cm observations, namely the correlated redshift intervals, are too narrow, then the cross-correlation signals between the δT b map and the corresponding X-ray components will be too weak to be separated from the confusing signals. Thus we have to choose a bandwidth which is wide enough to achieve a reliable measurement but narrow enough to study the evolution of the cross power spectra during the EoR. Here, we set the bandwidth to be 6 MHz.
Our δT b maps are shown in Figure 4 , which are all generated by averaging the slices at each frequency within the observation band. The central redshifts of these maps are z mid = 9.2 for the upper panel and z mid = 12.3 for the lower panel. For comparison, in some of these maps we mark large scale overdense/underdense regions by arrow 1 and arrow 2 respectively. The arrows with identical label in the same panel are pointing to the same position of the sky. The first luminous objects first emerge in high density regions. In the fiducial model (left column), X-rays from these objects sufficiently heat the IGM (T s > T γ ) in overdense regions at z ≈ 12. However, these objects are just beginning to ionize their surrounding IGM and create small HII regions. Hence we can find 21 cm emissions from the neutral parts of the large scale high density regions. Low star formation rate and long distance from galaxy clusters give rise to 21 cm absorptions in underdense regions. But as time goes on, more and more galaxies form and the IGM in low density regions becomes warm enough to emit 21 cm photons. Meanwhile, the neutral fraction of the IGM in high density regions decreases quickly with increasing number of ionizing sources. Thus in the z mid = 9.2 map, the 21 cm brightness of the overdense regions is dimmer than that of the underdense regions.
As for the extreme model (right column), the high X-ray emissivity enhances the X-ray heating rate. Therefore on large scales, the IGM has been sufficiently heated to produce 21 cm emissions everywhere. The strong X-ray background also improves the X-ray ionizing rate. At z ≈ 12.3, a large fraction of the IGM in the densest parts of the large scale overdense regions has already been ionized. The increase in the local ionized fraction of these areas can reduce the local differential brightness temperatures (see Eq. (1)). Therefore in the z mid = 12.3 map, the differential brightness temperatures of the densest regions turn out to be dimer than those of the underdense regions which have higher neutral fraction, and the contrast between the 21 cm brightness of the overdense and underdense regions is less conspicuous on very large scales (∼ 30 Mpc). We can expect that this contrast should be smaller in an earlier stage when the gas in the high density regions was less ionized. This stage, during which the 21 cm brightness temperatures in large scale high density regions decrease to roughly the same values as those in low density regions, is referred to as the "equilibration phase". (Wyithe & Morales 2007; Lidz et al. 2009 ). Moreover, the z mid = 9.2 map of the fiducial model is brighter compared with that of the extreme model. This is because in the fiducial model the Universe has more neutral hydrogen gas at this redshift (see Fig. 2 ).
In the cold model (middle column), the global spin temperature keeps being lower than the CMB temperature until the middle stages of the reionization. In the z mid = 9.2 map, most of the neutral and partial ionized areas have just turned to emit 21 cm signals. The areas marked by arrow 1 and arrow 2 both have δT b ∼ 0 mK, indicating that the IGM is going through an equilibration phase at this redshift. In the z mid = 12.3 map, the differential brightness temperatures are lower than 0 mK even in the warmest regions. Note that as the neutral IGM is gradually ionized, we will find δT b → 0 mK. Therefore δT b > δT b even if there is no 21 cm signal. In other words, the δT b field keeps positively correlating with the density field when δT b < 0 mK. We will evaluate in Section 3 the impact of these differences on the cross-correlation power spectra.
The angular cross power spectrum
To calculate the 21-SXB angular cross power spectrum, we first denote the fluctuations in 21 cm and soft X-ray backgrounds to be δ 21 ≡ δT b /δT b − 1 and δ X ≡ I ′ /Ī ′ − 1. Their fourier transforms are (e.g.
Morales & Hewitt 2004):
where l, m are the angular coordinate of the sky map and u, v are their Fourier transform respectively. Then we construct the angular auto power spectrum of the 21 cm and SXB in the form of (e.g. White et al. 1999; Datta et al. 2007; Cappelluti et al. 2013 )
and the angular cross power spectrum is:
where ℓ = 2π √ u 2 + v 2 . The correlation coefficient can be written as:
Detectability
We express the errors of a measurement of auto angular power spectra as (Knox 1995; Mao 2014) :
where i =X and T corresponds to the result of the X-ray or 21 cm measurements respectively, N is the number of the sample within the ℓ mode bin, and N ii ℓ is the instrumental noise:
where σ i is the pixel noise, Ω pix = θ FWHM × θ FWHM is the pixel solid angle, θ FWHM is the full width of half maximum (FWHM) of the experimental beam, and θ b is the beam width. We assume that the beam is Gaussian, and have:
The errors on cross-correlation measurement can be written as:
The foreground effects are ignored for both 21 cm and X-ray observations. With the core of the SKA2 1 , the pixel size of the 21 cm maps is ∼ 1 arcmin. We assume an integration time of 1000 hours and take σ T = 1 mK (Mellema et al. 2013) . As for X-ray measurements, considering that both the WFXT and SMART are aimed at achieving wide field survey with the Chandra deep field depth, and that the sensitivity of the eROSITA is lower than the WFXT (Murray et al. 2013) , we adopt the parameters of the WFXT deep survey (Tozzi et al. 2011; Murray et al. 2013 ) for the calculation. This planned X-ray telescope has a FWHM of 5 arcsec and its deep survey has a 100 square degree field of view with 400 ks exposure.
We calculate the pixel noise by (Li & Ma 1983; Tozzi et al. 2011) :
and
where CT N is the instrumental background (particle background) count in a pixel after T exp = 400 ks exposure, BCK rate is the background photon rate, and ECF is the energy conversion factor. BCK rate = 0.188 cts s −1 deg −2 and ECF = 2.25×10 −13 erg s −1 cm −2 /(cts s −1 ) for the 0.5-2 keV band are taken from Tozzi et al. (2011) . We recalculate their corresponding values for 1-2 keV band to estimate σ X . The soft X-ray auto power spectrums are shown in the lower panel of Figure 1 . In the extreme model, ∆C
4 at ℓ 1000, and the signal to noise values are much lower in the fiducial and cold models.
RESULTS
We now illustrate the evolution of the 21-SXB cross angular power spectra during the EoR. Figure 5 shows the cross angular power spectra and their corresponding correlation coefficients. The bin width is chosen to be ∆ℓ/ℓ = 0.6.
It can be seen that the 21 cm backgrounds and the soft X-ray backgrounds are positively correlated with each other at high redshifts and become anti-correlated at lower redshifts. The interior of the bubble is ionized independently from the local source field. Hence, as the bubble grows, we can roughly find that the anti-correlation first turns weak on small scales, then on lager scales. The cross power spectra may provide us more information. During the early stages of the EoR, the large scale overdense regions have higher 21 cm brightness temperatures and appear brighter in X-rays than the large scale underdense regions. Therefore in all of the three models, the 21 cm backgrounds are positively correlated with the 1-2 keV X-ray maps. But however, a turnover from positive correlation to anti-correlation occurs with time. This transition corresponds to the equilibration phase, which we have mentioned in section 2.3. In our fiducial (upper panel) and extreme models (lower panel), this phase occurs whenx HI ≈ 0.8 to 0.9.
The 21 cm and SXB backgrounds turn anti-correlated after the equilibration phase. The crossover scale mentioned by Shan & Qin (2009) , which is corresponding to the characteristic bubble size, is indistinct in all of our models. But we can find a marked trough in the power spectrum after the equilibration phase in the fiducial model. The trough first emerges on small scales and shifts to the large scales as reionization proceeds, representing the growth of characteristic bubble size. The amplitude of the trough reaches a maximum when 20% to 50% of the HI gas is ionized (z ≈ 8.2 to 9.2). Then the strength of cross power spectrum quickly falls whenx HI 0.2. Finally the 21 cm and soft X-ray backgrounds turn to be uncorrelated with the universe being fully ionized.
In the extreme model (lower panel), evolution of the 21-SXB cross angular power spectrum is similar to the case in the fiducial model. However, strong X-ray radiations provide more heating and ionizing. Comparing to the case of fiducial model, the positive correlation appears at higher redshifts (z > 13),and the reionization ends earlier. The correlation coefficient at z = 7.8 is not given here since a fully ionized universe no longer has 21 cm signals on large scales.
In the cold model (middle panel), the period of positive 21-SXB correlation is much longer than that in the fiducial model since the cold IGM maintains the positive correlation between the δT b and density fields. The anti-correlation between the 21 cm and SXB will not emerge until the average spin temperature reaches or exceeds the CMB temperature (i.e. δT b > 0) to ensure δT b − δT b < 0 for the highly ionized regions and δT b − δT b > 0 for the highly neutral regions. In this situation, the transition 12.3, 11.2, 9.8, 9.2, 8.8, 8.2, and 7.8 . Fig . 6 The 21-SXB cross angular power spectra with errors atx HI ≈ 0.5. Panel a, b and c correspond to the fiducial, cold and extreme models, respectively, after improving the sensitivity of the X-ray telescope.
from positive to anti-correlation acts more as an indicator of the IGM thermal state, rather than a measure of the global ionized fraction. As we see in Figure 4 , the trough of the z mid = 9.2 power spectrum is not clear because the equilibration phase has not completed at this redshift (x HI ≈ 0.5), and the trough has not reached the maximum at z ≈ 8.8 (x HI ≈ 0.4). After the IGM is adequately heated, the negative trough shifts, as we see in the other two models. This may help us to study the growth of the bubbles. The measurement errors on the cross power spectrum are 4 orders higher than the signal at ℓ ≈ 1100 in the extreme model. For the fiducial and cold models, the results are 1-2 orders of magnitude worse than the extreme one. The measurement uncertainties are dominated by the instrumental noise of the WFXT. We extend the sky coverage fraction of the surveys to 25%, and increase the exposure of the Xray observation to 4 Ms. To achieve a significant detection of the large scale 21-SXB cross power spectra atx HI ≈ 0.5, the X-ray image pixel noise has to be further lowered by at least 1 order of magnitude for the extreme model, and by about 3-4 orders of magnitude for the fiducial and cold models. The x HI ≈ 0.5 cross power spectra after the noise reduction are shown in Figure 6 and the related noise analyses are shown in Figure 7 . We denote A-D terms to be (see Eq. (17)):
In all the models, the C term dominates the measurement uncertainty at ℓ 3000, indicating that the X-ray instrumental noise is still the most significant component of the errors on these scales. At ℓ 3000, the errors are mostly caused by the instrumental noises of the X-ray and 21 cm measurements. Considering that none of the existing and currently planned X-ray telescopes could possibly reach these sensitivity requirements, it is still difficult to be able to detect the 21-SXB cross power spectra in the near future.
DISCUSSION
A synergy of X-ray and 21 cm observations may provide us with additional information about the details of the EoR, compared with pure 21 cm observations, as we have demonstrated in the paper. We use semi-numerical simulations to generate the cosmic 21 cm and 1-2 keV X-ray backgrounds, and then investigate the evolution of cross power spectra between these two intensity maps.
The strength of the coeval X-ray background may significantly affect the thermal and ionizing states of the IGM at high redshifts, leaving an imprint on the 21-SXB cross power spectra. On large scales, the 21 cm emission positively correlates with the SXB whenx HI 0.9. If the X-ray heating is efficient enough to ensure δT b > 0 mK before the IGM in large scale overdense regions being remarkably ionized, then the cross-correlation will turn out to be anti-correlation whenx HI ≈ 0.8-0.9. Otherwise, the transition of correlation will not occur until the average spin temperature exceeds the CMB temperature. Sometimes, we find strong anti-correlation at ℓ 200 when the Universe is almost neutral. It is because samples within these ℓ bins are extremely insufficient, leading the expectations of the cross power spectrum on these scales to be imprecise. After the transition, we can find a distinct trough in the cross power spectrum. This trough shifts from large to small ℓ along with the characteristic bubble size grows. In the warm reionization scenarios, the amplitude of the negative trough becomes highest whenx HI ≈ 0.2-0.5, then it gradually falls to be zero whenx HI < 0.2. With these properties, the 21-SXB cross power spectra can constrain the evolution histories of the global neutral fraction and the IGM temperature, as well as the intensity of the coeval X-ray background during the EoR. In addition, if we successfully detect the unique anti-correlation, we can verify the existence of the EoR components of the present-day unresolved SXB.
Unfortunately, the instrumental noise of the WFXT is too high and the 21-SXB cross power spectrum is well below the detection limit, though among all the existing designs of wide field X-ray telescope (e.g. Merloni et al. 2012; Murray et al. 2013; Vikhlinin & SMARTX Collaboration 2013) , the WFXT is one of the best candidates which has sensitivity to achieve the Chandra deep survey depth. Therefore, a detect of the 21-SXB cross power spectra in the near future is unlikely. As shown in Figure 6 , for a typical EoR X-ray background (i.e. our fiducial model), to achieve a significant detection of the 21-SXB cross power spectra, the pixel noise of the X-ray measurement has to be at least 4 orders of magnitude lower than that of the WFXT deep survey. That is a great challenge for the future X-ray telescope designs.
